Background: Overexpression of the Src homology 2 domain protein Shb in ␤-cells of transgenic mice has been shown to promote an increased ␤-cell mass. To investigate the mechanisms by which Shb controls the ␤-cell mass, we have presently studied the effects of Shb overexpression on the IRS-1-induced signaling pathway in mouse islet ␤-cells and in insulin-producing RINm5F cells and correlated these effects to growth and death patterns. Materials and Methods: Shb overexpression was achieved in RINm5F cells by selection of stable clones or by FACS purification of transiently transfected cells. For Shb overexpression in primary mouse islet cells, a Shb-transgene mouse was used. Cell proliferation and death rates were determined using flow cytometry. Serum-, insulin-, and IGF-1-stimulated signaling events were studied by immunoblot, immunoprecipitation, and in vitro kinase procedures.
Introduction
The development of diabetes mellitus depends on the balance between ␤-cell proliferation and death (1) . Recent investigations have implicated insulin or insulin-like growth factor-1-dependent (IGF) signaling via the insulin receptor substrates (IRS-1, IRS-2) of paramount importance for ␤-cell proliferation, survival, and insulin gene expression (2) (3) (4) (5) . Whereas inactivation of the IRS-1 gene increases the ␤-cell mass, inactivation of the IRS-2 gene reduces the number of ␤-cells (2) . The increased ␤-cell mass after IRS-1 gene inactivation could be the consequence of a compensatory response to peripheral insulin resistance, because ␤-cell-specific gene inactivation of the insulin receptor gene caused a modest reduction of the pancreatic ␤-cell mass at 4 months of age (6) . The reduced ␤-cell mass in the IRS-2 knockout mice implies a significant role for this signaling protein in ␤-cell replication or survival. Inactivation of IGF-1 receptor gene further accentuated the decrease in the ␤-cell mass when such mice were crossed with IRS-2-deficient mice (4), implying signaling through the IGF-1 receptor as relevant for the effects of IRS-2 on ␤-cell replication and/or survival. Indeed, increased ␤-cell apoptosis was noted in IGF-1 receptor/IRS-2 knockout mice (4) .
It is well established that IRS-1 and IRS-2 signal in part by activating the ERK and PI3K/Akt pathway. PI3K activation leads to the phosphorylation of PtdIns, PtdIns-4-P, PtdIns-4,5-P 2 to generate PtdIns-3-P, PtdIns-3,4-P 2 , or PtdIns-3,4,5-P 3 (7) . PtdIns-3,4-P 2 recruits and activates Akt (8) , whereas PtdIns-3,4,5-P 3 recruits and activates the Akt-phosphorylating kinase PDK1 (9) . Akt, in turn, when phosphorylated by PDK1 in position Thr308 and by an unknown kinase in position Ser473 (10) , promotes cell survival by phosphorylating BAD (11) , caspase-9 (12), the forkhead transcription factor FKHRL1 (13) , and other substrates. The discovery of the tumor suppressor PTEN adds further complexity to the regulation of this pathway. This is a phosphatase, which dephosphorylates the third position of PtdIns-phosphates, thereby antagonizing the activity of PI3K (14, 15) .
Shb is a Src homology 2 (SH2)-domain adapter protein with proline-rich motifs in its N-terminus, a central phosphotyrosine binding (PTB) domain and a C-terminal SH2 domain (16, 17) . Shb has been found to interact with the PDGF receptors, FGFreceptor-1, and T-cell receptor -chain via its SH2 domain (17, 18) , to LAT via its PTB domain (17, 19) and to Src, Eps8, p85 PI-3 kinase, Grb2, and PLC␥ via its proline-rich motifs (17) (18) (19) . When Shb was overexpressed in NIH3T3 cells, increased apoptosis upon serum withdrawal was observed (20) .
To address a role for Shb in ␤-cell function, a transgenic mouse overexpressing Shb under the control of the rat insulin promoter was generated (21) . These mice exhibit slightly improved glucose tolerance, an increased ␤-cell mass at birth that persisted up to the age of 6 months, increased ␤-cell apoptosis during tissue culture at a low serum concentration, and increased susceptibility to multiple injections of streptozotocin in vivo (21) . The present study was conducted to elucidate the signaling pathways responsible for the effects of Shb on growth and survival of ␤-cells, taking particular notice of the IRS-1/IRS-2 signaling system.
Materials and Methods

RIN-Shb Cells and Shb Islets
A RINm5F cell clone, which continuously overexpresses Shb (RIN-Shb), and a clone transfected with the neomycin resistance gene only (RIN-Neo), were generated in a previous study (20) . Growing RINm5F cells (passage number Ͼ120), RIN-Shb, and RIN-Neo cells were trypsinized every 3-5 days and subcultured in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, benzylpenicillin (100 U/ml), and streptomycin (0.1 mg/ml) at 37 ЊC in humidified air with 5% CO 2 . The Shb transgene has been described (21) . For experimentation, Shb transgenic mice of both sexes at approximately 3 months of age were used. Islets from Shb-transgenic and CBA control mice were isolated as described (22) . Islets were precultured for 2-5 days under the conditions described above before experimentation.
FACS Sorting of Shb-ϩ Green Fluorescent ProteinTransfected Cells
RINm5F cells were transfected with the ShbpcDNA1 vector and pd4EGFP-N1 (5:1, w/w) (Clontech, Palo Alto, CA, USA) using Lipofectamine (Gibco BRL, Gaithersburg, MD, USA) as described (23) . Control cells were transfected with pd4EGFP-N1 and mock DNA only. The following day, green cells (4-10%) were sorted using the FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). Sorted and nonsorted cells were concentrated by centrifugation, plated in wells, and allowed to grow for another 1-2 days before further experimentation as described below.
Quantification of Cell Proliferation and Apoptosis by Flow Cytometry
Two thousand green fluorescent protein (GFP)-RIN or GFP ϩ Shb-RIN cells were plated at day 0 (day of cell sorting) and cultured as described. On days 1, 2, and 3 the cells were stained for 10 min with with phosphate-buffered saline (PBS). The cells were then detached by trypsination and resuspended in 400 l of culture medium. The cells were analyzed in a Becton Dickinson FACSCalibur flow cytometer with respect to their forward scatter and FL 3 -fluorescence. Cells with low, intermediate, or high FL3-fluorescence are viable, apoptotic, or necrotic, respectively (24) . Data were analyzed using the CellQuest software (Becton Dickinson).
Immunoprecipitation of IRS-1/IRS-2
RIN-Shb-and RIN-Neo cells (10 ϫ 10 6 ) or GFP-RIN and GFP ϩ Shb-RIN cells (2-3 ϫ 10 5 ) were maintained in RPMI 1640 without serum for 60 min. Insulin (0.1 or 10.0 g/ml), FCS (10%), or IGF-1 (100 ng/ml) was added to some groups of cells. After 10 min, cells were washed in cold PBS containing 100 M of Na 3 VO 4 and lysed in 100 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 5 mM DTT, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, and 50 M leupeptin. The lysate was precleared by centrifugation and then used for immunoprecipitation with anti-IRS-1 (Upstate Biotechnology, Lake Placid, NY, USA) or anti-IRS-2 (Upstate Biotechnology, Lake Placid, NY, USA) antibodies. The IRS-1 and the IRS-2 immunocomplexes were precipitated with protein-A sepharose. The immunoprecipitates were denatured by boiling in SDS-␤-mercapthoethanol sample buffer and separated on 7% SDS-PAGE. Proteins were transferred to Immobilon-P (Millipore) filters and analyzed by immunoblotting as described below.
For immunoprecipitation of IRS-1 in CBA and Shb islets, precultured islets in groups of 1000 were deprived from serum for 60 min and then stimulated with 10% FCS for 10 min. IRS-1 immunoprecipitation was then performed as described.
Shb-SH2/PTB Domain Interactions with Focal Adhesion Kinase and IRS-2
The Shb SH2 domain (16) and PTB domain (17) GST fusion proteins were immobilized to Glutathione Sepharose (Amersham Pharmacia Biotech) beads and mixed on ice with lysates of control or insulin-stimulated RIN-Neo cells in the absence or presence of 20 mM phosphotyrosine. After 30 min, the beads were washed three times with PBS plus 1% Triton X-100 before SDS-PAGE and Western blotting, using 4G10 phosphotyrosine and focal adhesion kinase (FAK) antibodies.
PI3K Assay
RIN-Shb and RIN-Neo cells (10 ϫ 10 6 ) were maintained in RPMI 1640 without serum for 60 min. To some groups of cells insulin (10 g/ml), FCS (10%), or IGF-1 (100 ng/ml) was added. After 10 min, cells were washed in cold PBS and lysed 1.53 mM Ca 2ϩ , and 2 mg/ml BSA) (26) . The cells were then labeled for 60 min in buffer A containing 32 PO 4 (250 Ci/ml). Some groups of cells were then stimulated for 10 min with 10 g/ml of insulin, followed by three washes with cold PBS. Cells were then washed, lysed, precleared, and used for immunoprecipitation of PTEN using the mouse monoclonal anti-PTEN antibody (A2B1) (Santa Cruz Biotechnology). To precipitate immunocomplexes, protein-G sepharose (Amersham Pharmacia Biotech) was used. The immunoprecipitates were run on 9% SDS-PAGE and transferred to Immobilon-P filters. The filters were exposed to x-ray film and the 55 kDa 
Results
Effects of Shb Overexpression on RINm5F Cell Proliferation and Apoptosis
We previously observed that neonatal islets from Shb-transgenic mice display an increased ␤-cell mass, indicating enhanced ␤-cell proliferation (21) . Because the supply of islet tissue is insufficient for careful studies of IRS-1-mediated signaling events, we utilized the RINm5F cell line with stable or transient Shb overexpression as a model. The RINm5F cell clone RIN-Shb (21) and RINm5F cells, the latter of which were transiently transfected with the Shb-pcDNA1 vector (GFP ϩ Shb-RIN), both overexpress Shb (Fig. 1A) . Shb overexpression is known to be associated with enhanced degradation of the protein, an event that can be partially prevented by incubating cells with the calpain inhibitor acetyl-leu-leu-norleucinal (21) . Indeed, multiple Shb-related fragments are presently visible in the groups with Shb overexpression (Fig. 1A) .
We next determined proliferation and apoptosis rates in transiently transfected Shb-overexpressing cells maintained at 10% FCS for 4 days following the transfection procedure. Transient Shb overexpression (GFP ϩ Shb-RIN cells) resulted in increased proliferation rates as compared to GFP-transfected cells (GFP-RIN cells) ( Fig. 2A ). In addition, there was a nonsignificant trend toward less apoptosis in GFP ϩ Shb-RIN cells as compared with the GFP-RIN cells (Fig. 2B) . The rates of apoptosis were higher on day 1 following the sorting procedure as compared to day 3 ( Fig.  2B ). It appears as if the sorting procedure promotes cell death to a certain extent, which subsides after the first 2 days.
Effects of Shb Overexpression on IRS-1 and IRS-2 Phosphorylation
IRS-mediated signaling events are known to be intimately involved in the control of proliferation in 100 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 5 mM DTT, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, and 50 M leupeptin. The lysate was precleared by centrifugation and then used for immunoprecipitation with an anti-phosphotyrosine antibody (PY20). The immunocomplexes were bound to Protein A sepharose (Amersham Pharmacia Biotech) and then washed two times with PBS containing 1% NP-40 and 1 mM DTT followed by two washes with 100 mM Tris, pH 7.6, 500 mM LiCl, and 1 mM DTT. The immunocomplexes were then washed once with 10 mM Tris, pH 7.6, 100 mM NaCl, 1 mM DTT, followed by incubation for 10 min in 10 mM Tris, pH 7.6, 100 mM NaCl, 1 mM DTT, and 0.25 mg/ml phosphatidylinositol. 
Immunoblot Analysis of Akt, ERK, and PTEN
Shb and CBA islets (groups of 100), RIN-Shb, or RIN-Neo cells and GFP-RIN or GFP ϩ Shb-RIN cells (2-3 ϫ 10 5 ) were maintained in RPMI 1640 without serum for 60 min. Some groups of cells or islets were then stimulated with insulin (100 ng/ml), FCS (10%), or IGF-1 (100 ng/ml). After 10 min, cells were washed in cold PBS and directly lysed in SDS-␤-mercaptoethanol sample buffer containing 1 mM PMSF. Samples were then run on 7.5-12% SDS-PAGE and electroblotted to Immobilon-P filters. The filters were then incubated with rabbit polyclonal antibodies specific for phospho-Akt (Ser473), Akt, phospho-ERK, or ERK (New England Biolabs, Beverly, MA, USA) diluted 1:1000 in Tris-buffered saline supplemented with 2.5% bovine serum albumin (BSA). The filters were also analyzed for PTEN using mouse monoclonal anti-PTEN antibody (A2B1) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Horseradish peroxidase linked goat anti-rabbit or -mouse immunoglobulin (Ig) was used as a second layer. The immunodetection was performed as described for the ECL immunoblotting detection system (Amersham Pharmacia Biotech). The intensities of the bands were quantified by densitometric scanning using Kodak Digital Science 1D software (Eastman Kodak, Rochester, NY, USA).
PTEN Phosphorylation
GFP-RIN and GFP ϩ Shb-RIN cells (2-3 ϫ 10 5 ) were washed in buffer A (30 mM HEPES, 110 mM NaCl, 10 mM KCl, 1 mM MgCl 2 , 10 mM glucose, and cell survival. We therefore analyzed the effect of Shb overexpression on IRS-1 phosphorylation. Serum augmented the degree of tyrosine phosphorylation of IRS-1 in control islets, whereas the basal tyrosine phosphorylation of IRS-1 was higher in the islets isolated from Shb-transgenic mice compared with control islets (Fig. 3A) . In the Shb-transgenic islets, serum failed to enhance further the tyrosine phosphorylation of IRS-1. Also, insulin stimulated the phosphorylation IRS-1 in control islets, whereas no effect was noted in the SHB-transgenic islets. IRS-2 phosphorylation was increased under basal conditions in the SHB-transgenic islets, and insulin failed to cause a notable stimulation of IRS-2 phosphorylation in both groups of islets, presumably because of endogenous release of insulin from the islets, which was sufficient to saturate this response. Thus, Shb overexpression causes increased basal IRS-1 and IRS-2 phosphorylation in islets of Langerhans.
We next turned to the cell clone RIN-Shb, which continuously overexpresses Shb and provides an unlimited supply of cells to corroborate the findings of the islets of Langerhans. Control (RIN-Neo) or RINShb cells were maintained for 1 hr in the absence of serum (0) or subsequently stimulated for 10 min with serum (S), insulin (Ins), or IGF-1. The cells were then collected, lysed, immunoprecipitated for IRS-1 or IRS-2, and subjected to immunoblotting for phosphotyrosine (4G10 antibody; Fig. 3B ). Tyrosine phosphorylated IRS-1 was detected as a 180-kDa Unfortunately, a typical yield is only 1-2 ϫ 10 5 sorted GFP-positive cells per culture dish. Thus, the number of cells available for analysis is limited, which results in a low signal/noise ratio when analyzing IRS-1 phosphorylation in these cells. Nevertheless, we observe that in sorted GFP-transfected cells (Ͼ75% transfected), addition of insulin stimulated IRS-1 phosphorylation (Fig. 3C) . Furthermore, the phosphorylation of IRS-1 in the Shb cells is stronger at basal conditions and is not stimulated further by addition of insulin (Fig. 3C) . Thus, transgenic Shb islets, transiently transfected RIN cells, and RIN-Shb cells all display a similar increase in basal IRS-1 phosphorylation.
IRS-2 phosphorylation in response to serum, insulin, or IGF-1 stimulation was reduced or band in the immunoprecipitates of the RIN-Neo and RIN-Shb cells. Shb overexpression enhanced the phosphorylation of IRS-1 in the absence of stimulation (Figs. 3B and 4A ). Whereas serum, insulin, or IGF-1 all stimulated the tyrosine phosphorylation of IRS-1 in the control cells, these additions failed to further increase IRS-1 phosphorylation in the RINShb cells (Figs. 3B, 4A) .
To exclude the possibility that the effects of Shb were related to clonal selection, we also analyzed IRS-1 phosphorylation in transiently transfected RINm5F cells. Lipofection of RINm5F cells gives in our hands a transfection efficiency of only 4-10%. However, by cotransfecting cells with both ShbpcDNA1 and GFP vectors, Shb-expressing cells can be sorted by FACS and enriched to Ͼ75% purity.
Fig. 3. IRS-1 and -2 tyrosine phosphorylation in islets isolated from Shb-transgenic mice (A), in RIN-neo and RIN-Shb cells (B), and in sorted GFP-RIN and GFP ؉ Shb-RIN cells (C). (A)
Islets (in groups of 1000) were isolated and cultured for 3-7 days before being incubated for 1 hr in the absence of serum. In two groups of islets, these were further stimulated for 10 min with 10% FCS or 10 g/ml insulin as indicated. The islets were then washed, lyzed, and immunoprecipitated with IRS-1 or IRS-2 antibody prior to immunoblot analysis for phosphotyrosine (4G10) or IRS-2. (B) Control (RIN-Neo) or Shb (RIN-Shb) cells (10 7 ) were maintained in the absence of serum for 1 hr or additionally stimulated with 10% FCS (S), 10 g/ml insulin (Ins), or 100 ng/ml IGF-1 (Igf-1) for 10 min, before being washed in PBS, scraped, and lysed for immunoprecipitation using IRS-1 or IRS-2 antibodies as indicated. Aliquots of the lysates were taken prior to immunoprecipitation and analyzed. The immunoprecipitations were subjected to immunoblot analysis and probed for phosphotyrosine (4G10), IRS-1, IRS-2, FAK, and Shb immunoreactivity. (C) GFP-RIN or GFP ϩ Shb-RIN cells (1-2 ϫ 10 5 ) were plated in culture dishes on day 0 (day of cell sorting and 1 day after lipofection). On day 1, cells were deprived of serum for 60 min, followed by addition of 100 ng/ml insulin for 10 min to some groups. The cells were then washed in PBS and lysed for immunoprecipitation using IRS-1 antibodies as indicated. The immunoprecipitates were subjected to immunoblot analysis and probed for phosphotyrosine (4G10).
completely abolished in the RIN-Shb cells concomitant with an increased basal level of IRS-2 phosphorylation (Figs. 3B, 3C , and 4B). The FAK was found to co-immunoprecipitate with IRS-1 in a manner that correlated with the degree of tyrosine phosphorylation of this substrate; the highest amounts of FAK were detected in the insulin-stimulated RINNeo cells and nonstimulated RIN-Shb cells (Fig.  3B) . Shb itself co-immunoprecipitated with IRS-2 in nonstimulated RIN-Shb cells (Fig. 3B) . The data suggest alterations in the tyrosine phosphorylation and complex formation of IRS-1 and IRS-2 as a consequence of Shb overexpression.
Interactions Between Shb and FAK
The presence of Shb in the IRS-2 immunoprecipitates and FAK in the IRS-1 immunoprecipitates could relate to interactions between Shb and these molecules. To address this further, fusion proteins comprising the SH2 domain or PTB domain of Shb were used in pull-down experiments probing for phosphotyrosine, FAK, and IRS-2 by immunoblotting (Fig. 5) . The Shb SH2 domain interacted with a 130-kDa phosphotyrosyl protein regardless of whether the cells were stimulated with insulin or not. Free phosphotyrosine effectively inhibited this interaction. Likewise, the PTB domain fusion protein bound two phosphotyrosyl proteins of 130 and 95 kDa. However, free phosphotyrosine could not displace these associations. When probing the blot using an anti-FAK antibody, two bands of 125 and 95 kDa were noted using the PTB domain fusion protein. The 125-kDa band corresponds to full-sized FAK, and was found to associate less well with the PTB domain fusion protein in the presence of free phosphotyosine (Fig. 5 ). This suggests a phosphotyrosinedependent association between Shb's PTB domain and FAK. This finding was recently corroborated in endothelial cells, in which the Shb PTB domain associates in a phosphotyrosine-dependent manner with FAK (27) .
IRS-2 could not be detected in these fusion protein pull-down experiments (results not shown), suggesting either cooperativity between different domains of Shb for such an association, or the requirement of additional signaling molecules.
Effect of Shb Overexpression on PI3K Activity
Because PI3K is a downstream effector of IRS-1 and IRS-2 in their signaling pathways, we decided to investigate the effect of Shb overexpression on Figure 3B were subjected to densitometric analysis and means Ϯ SEM for 4-6 observations are given. The data were tested for statistical significance using one-way ANOVA on ranks (p Ͻ 0.05). Individual comparisons were performed using a paired Student's t-test comparing with corresponding untreated control. to increase their ERK-phosphorylation in response to insulin, mainly due to increased basal ERK phosphorylation (Fig. 7) . Thus, Shb overexpression causes perturbed signaling through both the PI3K/Akt and ERK pathways.
PTEN Levels and PTEN Phosphorylation
We also analyzed the cellular contents of the phosphoinositide-dephosphorylating enzyme PTEN, which antagonizes the activity of PI3K. Immunoblot analysis revealed that levels of PTEN, expressed as optical density per amount of protein applied to each lane, in cell extracts from RIN-Shb cells and Shb islets, were not significantly different from those of corresponding control cells: 2.1 Ϯ 0.34 (RIN-Neo, n ϭ 4) 2.9 Ϯ 0.61 (RIN-Shb, n ϭ 4, p Ͼ 0.05), 1.1 Ϯ 0.17 (Neo-islets, n ϭ 9) and 1.4 Ϯ 0.16 (Shb islets, n ϭ 9, p Ͼ 0.05). These findings do not support the notion that the expression of the PTEN gene is significantly altered in response to Shb overexpression.
Interestingly, both sorted GFP-RIN and GFP ϩ Shb-RIN cells responded to insulin with a modest increase in PTEN phosphorylation (Fig. 8) . This increase was slightly less pronounced in GFP-RIN cells and did not reach statistical significance, as opposed to the effect of insulin in GFP ϩ Shb-RIN cells (Fig. 8) .
the activity of this enzyme. RIN-Neo and RIN-Shb cells were used because we could not obtain sufficient quantities of islets or transiently transfected and sorted Shb-expressing cells. In the control RIN-Neo cells, serum and insulin increased the PI3K activity that was immunoprecipitated with the phosphotyrosine antibody PY20 (Fig. 6) . The RIN-Shb cells displayed a significantly elevated basal PI3K activity and were not able to respond further to serum or insulin with increased activity. The data on PI3K activity reflects the combined IRS-1 and IRS-2 phosphorylation data (Figs. 4B and 4C) in that Shb overexpression increases basal activity and deregulates the response to stimulation with serum or insulin.
Akt and ERK Phosphorylation
Activation of Akt by serine phosphorylation requires increased PtdIns-P 2/3 levels and leads to antiapoptotic signaling. Stimulation of sorted GFP-RIN cells with insulin resulted in increased Akt phosphorylation (Fig. 7) . Sorted RINm5F cells transfected with GFP ϩ Shb-cDNA, however, displayed a decreased insulin-induced Akt phosphorylation response, mainly due to increased basal phosphorylation (Fig. 7) . These findings indicate that an enhanced PI3K-activity in response to Shb overexpression promotes Akt phosphorylation.
ERK phosphorylation was also increased in response to insulin in the control GFP-RIN cells (Fig. 7) . The sorted SHB-RIN cells, however, failed RIN-Neo and RIN-Shb cells were serum deprived for 60 min followed by stimulation with 10% FCS or 10 g/ml insulin. Phosphotyrosine proteins were immunoprecipitated from homogenates and analyzed for PI3K activity. PI3K activity was related to the total homogenate protein content and expressed as fold-increase as compared with serum-deprived RIN-Neo cells. Results are means Ϯ SEM for three to eight observations. The data were analyzed for statistical significance using a one-way ANOVA on repeated measures (p Ͻ 0.05). Individual comparisons were performed using a Dunnet's test when comparing with the corresponding untreated controls. were serum deprived 2 days after transfection for 60 min followed by stimulation with 100 ng/ml insulin for 10 min. Cells were lysed in SDS-␤-mercapthoethanol buffer, run on 9% SDS-PAGE gels, and immunoblotted for phospho-ERK, total ERK, phospho-Akt, and total Akt expression. Filters were stripped in SDS-␤-mercaptoethanol solution between blotting with the two different antibodies. Results from three separate experiments are expressed as means Ϯ SEM. *p Ͻ 0.05 using Students paired t-test.
Discussion
We presently describe major perturbations in IRS-1 and IRS-2 signaling in insulin producing ␤-cells as a consequence of overexpression of the SH2 domain adapter protein Shb. Shb consists of a C-terminal SH2 domain, a central PTB domain, several potential tyrosine phosphorylation sites, and N-terminal proline-rich motifs. Thus, Shb participates in multiprotein complex formation as a consequence of tyrosine kinase signaling. The alterations presently observed are increased basal phosphorylation of IRS-1, both in response to short-and long-term Shb overexpression, and reduced serum-or insulin-stimulated phosphorylation of IRS-2 in cells with longterm Shb overexpression. In addition, increased association of FAK with IRS-1 was observed in the nonstimulated Shb cells. The alterations of IRS-1 and IRS-2 phosphorylation are presumably a consequence of Shb-induced complex formation. One such interaction presently observed is that between FAK and the Shb PTB domain. In addition, Shb associated with IRS-2 and this interaction could not be detected by fusion protein pull-down experiments. Thus, a third component may be required for this association to occur or full-sized Shb may be necessary for its binding to IRS-2. Nevertheless, the data strongly suggest that Shb via its domain interactions promotes multi-signaling protein complex formation, and that this has a major impact on the IRSsignaling pathways.
FAK is known to play a key part in integrin signaling pathways, which are engaged in the response to extracellular matrix interactions. The presently observed Shb-induced recruitment of FAK to IRS-1 supports and extends previous observations in glioblastoma cells and human embryo kidney cells demonstrating that FAK binds to IRS-1 and that integrin-mediated FAK-activation and growth factor receptor activation converge at the IRS-1 protein (27, 28) . Both FAK and IRS-1 have been reported to interact with PI3K (29) and all three proteins are known to have anti-apoptotic properties (30) (31) (32) . In addition, integrin engagement is known to potentiate PDGF and insulin induced DNA synthesis (33) . Taken together, these circumstances support the notion that Shb overexpression amplifies integrin-induced cell growth and survival signals by promoting multisignaling protein complex formation. This could explain the presently observed increase in GFP ϩ Shb-RIN cell proliferation, the trend to a lower rate of apoptosis in the presence of 10% serum, as well as the increased ␤-cell mass of neonatal and young Shbtransgenic mice (21) . Indeed, the islets of these mice have an increased DNA content, insulin content, and insulin release, and this is paralleled by an improved glucose tolerance on an intravenous glucose tolerance test (21) . Thus, during fetal development, Shb might potentiate the signals originating from ␤-cell interaction with the extracellular matrix and circulating growth factors leading to PI3K and Akt kinase activation. Indeed, a recent study has shown that Shbtransgenic mice display an increased ␤-cell replication in response to partial pancreatectomy (34) . However, the insulin content expressed per DNA was not increased in Shb islets (21) , which might indicate that the expression of the insulin gene is not under the direct control of the Shb-induced FAK/IRS-1 signaling pathway, only the proliferation.
Overexpression of Shb leads not only to an increased ␤-cell mass during the fetal and neonatal stages, but also to a higher sensitivity at adulthood P-phosphate and then stimulated for 10 min with insulin (10 g/ml). PTEN was immunoprecipitated, electrophoresed on a 9% SDS-PAGE, and transferred to an Immobilon filter, which was exposed to x-ray film. Nonprecipitated lysates were run in parallel. The autoradiographic bands shown in (A) were quantified and expressed per total protein 32 P-incorporation (B). Results are means Ϯ SEM for three to four observations. Comparisons were made using one-way ANOVA for repeated measurements (p Ͻ 0.05). Individual differences were obtained using Student Newman Keuls test. *p Ͻ 0.05 versus corresponding control cells.
to apoptotic signals such as those of serum deprivation, cytokines, and inhibition of poly(ADP-ribose) synthase (21) . This is somewhat surprising because the increased PI3K activity observed in serumdeprived RIN-Shb cells argue in favor of an increased proliferation and a decreased sensitivity to apoptotic signals. It could therefore be speculated that following the initial proliferation (fetal) phase, driven by an increased IRS phosphorylation and enhanced PI3K-activity, a putative Shb-induced pro-apoptotic signal, predominates over the increased IRS signaling leading to cessation of stimulated proliferation and an enhanced susceptibility to apoptosis.
Our data suggest that Shb overexpression affects neither expression nor phosphorylation of PTEN in insulin-producing cells. However, we do observe an increased phosphorylation of PTEN in response to insulin. It is not clear how insulin stimulates PTEN phosphorylation in RINm5F cells, nor is the physiologic relevance of this event known. In a recent study, it was demonstrated that the 70-aa long Cterminal domain of PTEN (also called the tail) is serine/threonine phosphorylated in vivo, and that this event results in decreased activity and enhanced stability of the protein (35) . More specifically, it appears that the tail restricts the activity of the catalytic phosphatase domain and that this effect is less pronounced if the phosphates at the tail are not present (35) . Thus, it could be speculated that insulin, by promoting PTEN phosphorylation, inhibits dephosphorylation of phosphoinositides leading to a more pronounced response. On the other hand, an additional study has identified the protein kinase that phosphorylates the tail of PTEN to be casein kinase II (36) . In addition, phosphorylation of PTEN in COS-7 cells by this kinase was not regulated in response to insulin (36) . Therefore, further studies are clearly warranted to characterize the insulininduced PTEN-phosphorylation event in insulinproducing cells and its physiologic relevance.
In summary, we have elucidated interactions between Shb and the IRS-1/2/PI3K/Akt/PTEN/ERK pathways and found that these interactions are paralleled by enhanced proliferation. The understanding of the regulation of this pathway will be of importance for the clarification of ␤-cell apoptosis and proliferation in diabetes mellitus. It is also possible that these signaling steps are involved in the physiologic autocrine regulation by insulin of ␤-cell function, and in the putative pathologic insulin resistance of ␤-cells (37, 6) . It has been proposed that prolonged periods of peripheral insulin resistance, hyperinsulinemia and cytokine exposure lead to ␤-cell insulin resistance and an impaired insulin secretion (37) (38) (39) .
